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Aragonite particles dispersedina bioresorbable polymer matrix are consideredto be a good

candidate for bone prosthesis materials. It is important to characterize the microstructure of
synthetic aragonite used for biomedical applications, since the microstructure may influence
its integration, resorption and replacement by bone. We studied late stages of aragonite
growth, atan air-liquid interface, from a solution not doped with additives. Comparison was
made between the types of synthetic aragonite microstructure and that of aragonite which is
found in nature {mollusc shells, gallstones, Earth’s crust). The microstructure of natural
aragonite is unique 10 certain classes of living organisms and the understanding of its

structure/function relationships may heip to s
specific biomedical applications. Threetypes 0

grain size and grain morphology.

elect the types of synthetic aragonite for
f synthetic aragonite were observed based on

1. Introduction
Aragonite, one of the CaCO, polymorphs. is found as
a patural component in moliuse shells (exoskeleton}
[1,2], fish (gravity device) [1, 2], human brain stones
[3], gallstones [4] and in the Earth's crust [5,6].
Numerous studies have reported the synthesis of
aragonite via the introduction of various inorganic
and organic additives to calcium containing solutions
and gels. For example, aragonite has been formed in
the presence of NaCl and hexametaphosphate or py-
rophosphate [7]. Metastable formation of aragonite
in gefs has been achieved at elevated pressure in a
temperature range of 100 to 270°C in the presence
of Mg?* [8]. Additives such as Mg2*, Ni**, Co®7,
Fe2* 7Zn?* Cu?* and Li* lead to aragonite growth
at ambient conditions, and Sr*7, Bal* and Pb*”
favour aragonite formation at high pH [9]. Aragonite
a_iso is a good material for biomedical applications
since it is denser than calcite and could be integrated,
resorbed and replaced by bone [10. 11]. Aragonite
particles dispersed in & bioresorbable potymer matrix
were used as a bone prosthesis material f121.
Recently, we reported a process of template-
directed synthesis of aragonite from a calcium bicar-
bonate supersaturated solution not doped with
additives [13). Early stages of crystal growth were the
focus of this work and the oriented nucleation of
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aragonite was achieved. The primary crystals were
oriented with the [010] crystallographic axis perpen-
dicular to the monolayer surface [13]

The present study is devoted to the later stages of
aragonite growth, secondary nucleation. when the
crystalline needles give rise to a splayed outgrowth
into the supersaturated solution. While the micro-
structure and morphology of aragonite found in na-
ture were studied extensively by transmission electron
microscopy (TEM) {14, 15], the microstructure of syn-
thetic aragonite were not fully characterized [t4]. On
the other hand, the microstructure is one of the most
important features for bioceramics applications. The
microstructure controls mechanical properiies of ce-
ramics, e.g. fracture toughness and elastic moduli [ 16].
1t also influences the surface activity of bioceramics

due to phase boundaries. missing grains or inclusions
[17]. .

In this paper we study the types of synthetic aragon-
ite microstructure and compare the morphology of
natural and synthetic aragonite.

2. Experimental procedure

Synthetic aragonite was collected at the air-liguid
interface on carbon coated copper TEM grids by
gently dipping the grids through the monolayer. The
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experimental setup for preparation of Langmuir
monolayers has been described elsewhere [18-20].
The grids with samples were dried at ambient condi-
tions for 1-2 days.

A Philips EM400T TEM equipped with LaB, was
used to examine the microstructures and crystal struc-
tures of aragonite. The unit cell parameters and crystal
symmetry were examined by electron microdiffraction
and convergent beam electron diffraction (CBED) to
determine local symmetry and three-dimensional crys-
tallography of aragonite.

Compositional analysis of aragonite was carried
out using the Noran Instrument 5500 low-Z energy
dispersive X-ray spectrometry system (EDX). The fol-
lowing EDX parameters were maintained in the ana-
lysed areas: accelerating voltage of 120 keV, sample
tilt of 127 and a C} spot size setting of 4, giving an
electron probe size of 20 nm. Dead time was in the
range of 25% for the spectra collected.

3. Results and discussion

Several types of natural aragonite or its aggregates
based on morphological descriptions were suggested
in the literature. It has been reported that two different
types of aragoniie are found in gravelly sediments,
i.e. acicular and bladed aragonite [21]. These types are
similar in morphology to those found in tropical and
subtropical environments [22]. Acicular crystais are
equidimensional in cross-section and have pointed
ends while bladed ones are transversely flattened and
have blunt terminations. Another morphological clas-
sification has been reported for aragonite laminae
aggregates found in hot water travertine crusts in Italy
[6]. It was shown that the aragonite needle aggregates
were in the form of crosses. fascicles {sheal shaped
bundles. or dumbbell shaped). rosettes and spherulites
[63. Another type of aragonile was found in nacre and
had a blocky platelet morphology [15].

In our study. we observed atlow magnification only
acicular and spherulitic aragonite. The needle-like
crystals (Fig. 1) develop (rom a common axis. We have
characterized our synthetic aragonite by means of
TEM observations of its microstructure al high
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Figure | Aragonite imaged at low magnification on a TEM grid.
The crystals develop from a common axis as needle-like.
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magnification. We suggest that three types
aragonite could be distinguished based on its grain3
morphology. Grain size and morphology are of great
importance for biomedical and bioengineering]
applications [17, 23]. 1

Highly magnified images of the first type aragonite$
revealed grains in the form of very fine platelets which’
are directionally oriented, and are in the range ofj
2 x 40 nm in size (Fig. 2a). These features are typical of §
microlaminates associated with micropores in the}
grains and the overall texture represents a “ply—wood”',
structure [15, 24]. This “ply-wood” structure has been §
observed in nature for the cuticles of insects, crusta-3
ceans and spiders, and resembles that of a fibre-rein- ¥
forced polymer matrix {15, 24]. The poiymer “fibres” 3
are oriented parallel to each other [15]. In our first §
1ype of synthetic aragonite we observed similar paral- J
lel “fibres”. Presumably, this type of aragonite out-3
growth was in contact with an organic monofayer.g
Elementai analysis of this and two other types of§
aragonite revealed only Ca, C and O without other§
typical elements such as Mg and Fe. Selected area A

electron diffraction (SAED) patterns were taken from 3
the aragonite grains and revealed relatively fine grains%

The granular shape of the second type of aragonite
outgrowth can be seen in the bright and centred dark
field images (Fig. 3). Grainsin this aragonite type were £
about 70 nm in diameter and were randomly orienied.

e TR IS

Figure 2 |a) TEM image of the Arst type of aragenite. (b Selected
arca electron diffltaction pattern of the first type of aragonite
{bottom).




Jower density of defects and micropores were ob-

- -ved in the grains. SAED patterns of [100] and

' _ 31'0] zone axes (Fig. 4) are indexed as aragonite
rthorhombic structure. SG = Pmcen {no. 62), a =
1959 nm. b = (,7968 nm. ¢ = 0.53741 nm). Computer
nulated diffraction patterns were employed Lo con-
m experimental aragonite patterns.

The third type of aragonite consisted of large grains
(Fig. 5a). Individual grains are 0.5x ] mm in size.
Each grain appears to be well developed crystallo-
graphically in three dimensions as seen from the cen-
tred dark field image (Fig. 5b). Faceted edges and fine
twin structures were observed to overlap with thick-
ness fringes (Fig. 6). Secondary nuclei of rectangular

igure 4 (a) Electron difraction pattern of selected aragonite outgrowths. [100] zone of aragonite. Reflections: A =0
61, C=04 — L. Angles: (022) A {0613 =7336",(022) A (04 — i) =41.20". {b) [310] zone of aragonite. Reflections:

po N
1

=13 -3, C=26—1 Angless (132} A{13 ~3}1=8995 (131 A (26 - 1) =507}

“igure 5 (a) TEM bright field image of the third type of aragonite. (b) TEM centred dark field image of the third type of aragonite.
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Figure 6 Faceted edges and fine iwin structure obscrved for the
third type of aragonite.

or cubic geometry were found situated along the
principal axis on several crystal grains. Similar sec-
ondary nuclei have been observed for intracellular
crystals of aragonite in a species of the freshwater
filamentous alga Spirogyra [25]. It was suggested

[25] that the development of these nuclei into needle-

like extensions with well-defined crystal ends and
edges indicated a growth mechanism which results in
discrete crystallographic faces being selectively
enhanced.

4. Conclusion

Three types of synthetic aragonite were observed via
TEM characterization of aragonite microstructure
based on grain size and grain morphology. The first
type of aragonite has very fine oriented “fibres” with
grain size within 2 x 40 nm. [t represents a “ply-wood™
structure similar to one observed in nature for arthro-
pod cuticles (15, 24]. The second type of aragonite
has randomly oriented grains with grain size within
70 nm. The third type of aragonite also has randomly
oriented grains with the biggest grain size of
0.3 x 1 mm, Secondary nuclei were observed 1o devel-
op for this aragonite type similar to those seen in
intracellular aragonite of Spirogyra [25).

The microstructure of natural aragonite is unigue to
certain classes of living organisms and the understand-
ing ol its structure/function relationships may help to
seiect the types of synthetic aragonite for specific bio-
medical applications,
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